Biofilms are microbial communities, embedded in a polymeric matrix, growing attached to a surface. Nearly all device-associated infections involve growth in the biofilm life style. Biofilm communities have characteristic architecture and distinct phenotypic properties. The most clinically important phenotype involves extraordinary resistance to antimicrobial therapy, making biofilm infections very difficulty to cure without device removal. The current studies examine drug resistance in Candida albicans biofilms. Similar to previous reports, we observed marked fluconazole and amphotericin B resistance in a C. albicans biofilm both in vitro and in vivo. We identified biofilm-associated cell wall architectural changes and increased ␤-1,3 glucan content in C. albicans cell walls from a biofilm compared to planktonic organisms. Elevated ␤-1,3 glucan levels were also found in the surrounding biofilm milieu and as part of the matrix both from in vitro and in vivo biofilm models. We thus investigated the possible contribution of ␤-glucans to antimicrobial resistance in Candida albicans biofilms. Initial studies examined the ability of cell wall and cell supernatant from biofilm and planktonic C. albicans to bind fluconazole. The cell walls from both environmental conditions bound fluconazole; however, four-to fivefold more compound was bound to the biofilm cell walls. Culture supernatant from the biofilm, but not planktonic cells, bound a measurable amount of this antifungal agent. We next investigated the effect of enzymatic modification of ␤-1,3 glucans on biofilm cell viability and the susceptibility of biofilm cells to fluconazole and amphotericin B. We observed a dose-dependent killing of in vitro biofilm cells in the presence of three different ␤-glucanase preparations. These same concentrations had no impact on planktonic cell viability. ␤-1,3 Glucanase markedly enhanced the activity of both fluconazole and amphotericin B. These observations were corroborated with an in vivo biofilm model. Exogenous biofilm matrix and commercial ␤-1,3 glucan reduced the activity of fluconazole against planktonic C. albicans in vitro. In sum, the current investigation identified glucan changes associated with C. albicans biofilm cells, demonstrated preferential binding of these biofilm cell components to antifungals, and showed a positive impact of the modification of biofilm ␤-1,3 glucans on drug susceptibility. These results provide indirect evidence suggesting a role for glucans in biofilm resistance and present a strong rationale for further molecular dissection of this resistance mechanism to identify new drug targets to treat biofilm infections.
Biofilms are structured microbial communities in which organisms irreversibly attach to a surface and become embedded in a matrix of extracellular polymeric substances produced by these cells (6, 15, 17, 20, 21, 24, 41, 46, 50) . Biofilms are the most common form of microbial growth in nature, and the National Institutes of Health estimate that biofilms cause the majority of infections in humans (21, 28, 45, 46) . Most times, an implanted device, such as an intravascular catheter, is associated with biofilm infections (48) . C. albicans is the fourth and third leading cause of hospital-acquired bloodstream and urinary tract infections, respectively. Up to 70 to 80% of Candida bloodstream infections are associated with central venous catheters, and the majority of Candida urinary tract infections are associated with bladder catheters. Among central venous catheter-related infections, those due to Candida spp. are associated with mortality rates approaching 40% (44) .
Biofilms have characteristic architectural and phenotypic properties distinct from their planktonic counterparts. Perhaps the most clinically relevant biofilm-specific property is the development of antimicrobial resistance that can be up to 1,000-fold greater than planktonic cells (2, 6, 9-12, 15, 25, 30, 31, 37, 47-49) . This characteristic of biofilms makes them extremely difficult, if not impossible, to control in the medical setting. Current guidelines recommend device removal for patients with candidemia, as patients with biofilm-infected devices are rarely cured with only antifungal therapy (44) .
Candida biofilms have been shown to be resistant to antifungals, including amphotericin B, triazoles, and flucytosine (12, 15, 25, 30, 31) . Numerous mechanisms have been proposed to explain Candida biofilm resistance. Studies have examined the impact of drug diffusion, rate of growth, cell wall efflux pumps, and plasma membrane changes (2, 3, 9-11, 37, 47, 49) . Each of these has been shown to impact biofilm cell susceptibility. Yet, these studies suggest another unidentified mechanism(s) is important for the drug resistance of Candida cells growing in a biofilm environment. Previous work by Douglas and colleagues demonstrated secreted carbohydrate differences between biofilm and planktonic cells (2, 10, 26) . The current studies further explore cell wall and secreted carbohydrate differences associated with the biofilm mode of growth. Drug binding assays and cell wall component modification studies suggest these cell wall changes may contribute to antifungal biofilm drug resistance.
MATERIALS AND METHODS
Organisms and culture conditions. A clinical isolate of C. albicans, designated K1, was used for all studies. The strain was stored in 15% (vol/vol) glycerol stock at Ϫ80°C and maintained on yeast extract-peptone-dextrose medium (1% yeast extract, 2% peptone, and 2% dextrose) prior to experiments. Fresh colonies were used for inoculation of RPMI 1640 with morpholinepropanesulfonic acid (MOPS), and cultures were allowed to incubate for 16 h at 37°C with orbital shaking at 250 rpm prior to inoculation.
In vitro biofilm model. Two in vitro biofilm models were used for these studies. Studies for collection of a large amount of organism cell wall or culture supernatant utilized a circular piece of sterile medical-grade silicone disk as a substrate. The C. albicans inoculum was prepared by growth in RPMI-MOPS overnight at 37°C, followed by dilution to 1 ϫ 10 6 in RPMI-MOPS based on hemacytometer counts. Prior to inoculation, the substrates were coated with mouse serum and incubated at 37°C for 30 min. Following this conditioning period, 150 l of the inoculum was placed on the surface of the silicone disk. The disks were then incubated with 1 ml of RPMI-MOPS for 45 min at 37°C. After the adherence period, they were washed and placed in 10 ml of fresh medium for further incubation with gentle shaking (80 rpm) for 48 h. The disks were then rinsed with sterile saline to remove nonadherent cells, and biofilm formation was confirmed by visual inspection or by confocal microscopy with FUN-1 and concanavalin A fluorescent staining as previously described (6, 15) . To harvest cells, disks were rinsed and placed in 30 ml sterile water, where cells were dislodged manually and by gentle sonication (water bath sonicator; 40-kHz transducer) for 10 min. After removal of the disks, the cells were collected by centrifugation and washed with sterile water prior to additional study.
Studies designed to assess the impact of drug therapy on biofilm cell viability used a polystyrene substrate in a 96-well format as previously described by Ramage et al. (49) . For the polystyrene assay, 100 l of the inoculum was added to each well of a 96-well flat-bottom plate. After a 24-h incubation at 37°C, the wells were washed with phosphate-buffered NaCl (PBS) three times to remove any nonadherent cells. Fresh medium and various drugs were added followed by additional periods of incubation. Quantitation of biofilm cell viability utilized the tetrazolium salt 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) reduction assay as previously described (49) . Briefly, 90 l of XTT (1 mg/ml) and 10 l phenazine methosulfate (320 g/ml) were added to each well and the plate was incubated at 37°C for 2 h. Absorbance at 490 nm was measured using an automated plate reader. Each of the above growth assays was performed in triplicate for each of the experiments described below.
In vivo C. albicans venous catheter biofilm and disseminated infection models. A rat central venous catheter infection model was selected for in vivo biofilm studies (6) . Briefly, polyethylene tubing (inner diameter, 0.76 mm; outer diameter, 1.52 mm) was chosen. Specific-pathogen-free Sprague-Dawley rats weighing 400 g were used (Harlan Sprague-Dawley, Indianapolis, Ind.). A heparinized (100 U/ml) catheter was surgically inserted into the external jugular vein and advanced to a site above the right atrium (2-cm length). The catheter was secured to the vein, and the proximal end was tunneled subcutaneously to the midscapular space and externalized through the skin. The catheters were placed 24 h prior to infection to allow a conditioning period for deposition of host protein on the catheter surface. Infection was achieved by intraluminal instillation of 500 l C. albicans K1 cells (10 6 cells/ml). After a dwelling period of 4 h, the catheter volume was withdrawn and the catheter was flushed with heparinized 0.15 M NaCl. Two animals were used per time and treatment point. Blood was drawn from the catheter and tail vein of the rats at 12 h for glucan measurement as described below. At the end of the observation period, the catheters were removed and processed by examination of the cell wall and biofilm architecture using electron microscopy, as described below. The viable burden of Candida cells in the kidney was used as an estimate of total body Candida burden, as previously described (6, 7) . The kidneys of rats were removed, homogenized, and plated on Saboraud's dextrose agar for plate counts.
A disseminated candidiasis model, without a biofilm catheter infection, was used as a comparison (7) . The comparator represents a systemic Candida infection without a device biofilm infection. The same rat species was injected with a similar C. albicans inoculum via the tail vein. Blood was collected from the tail vein for glucan measurement as described below. The kidneys of animals were removed for estimation of total viable organism burden as described above.
Biofilm scanning electron microscopy (SEM). Catheters were harvested, gently flushed with 0.15 M NaCl, and transected. Segments were then placed in fixative (4% formaldehyde, 1% glutaraldehyde in PBS) for 20 h, washed for 5 min in PBS, and placed in 1% osmium tetroxide for 30 min. After a series of alcohol washes, final drying was performed by critical point drying. Catheter segments were mounted and gold coated. Samples were imaged in a scanning electron microscope (JEOL JSM-6100) in the high-vacuum mode at 10 kV. The images were assembled using Adobe Photoshop 7.0.1. Images at ϫ50 were examined to assess biofilm coverage of the entire catheter lumen for each catheter segment. Images at ϫ1,000 were used to discern biofilm cellularity, amount of matrix, and biofilm thickness.
Biofilm cell TEM. The cell wall architecture of C. albicans cells isolated from the in vivo venous catheter model was examined and compared to cells grown in stationary phase in suspension using transmission electron microscopy (TEM). The planktonic cells were grown at 37°C with shaking at 250 rpm in RPMI-MOPS. Cells from the in vivo model were collected after 48 h of growth. Following collection, cells were fixed in 4% formaldehyde and 2% glutaraldehyde, postfixed with 1% osmium tetroxide and 1% potassium ferricyanide, stained with 1% uranyl acetate, dehydrated in a graded series of ethanol solutions, and embedded in Spurr's resin. Section (70 nm) were cut and placed on copper grids, poststained with 8% uranyl acetate in 50% methanol and Reynolds' lead citrate, and analyzed with a transmission electron microscope (Philips CM 120). Cell wall thickness was assessed for 50 cells from the biofilm and planktonic models using AnalySIS Docu software.
Cell wall isolation. Biofilm cells from the silicone disk assay described above and planktonic cells were collected for cell wall carbohydrate composition analysis as previously described (18, 19, 40) . Briefly, biofilm cells were grown until a mature biofilm had formed (24 h, confirmed with microscopy). Planktonic cells were collected in both the log (6 h) and stationary (24 h) phases of growth. Both cultures used RPMI-MOPS and an incubation temperature of 37°C on an orbital shaker at 250 rpm. Washed cells were broken with glass beads, and cell walls were isolated as previously described (18, 19, 27, 32, 55) . Cells (5 mg [dry cell weight] each) were washed twice with PBS, resuspended in PBS, and broken with glass beads five times for 1 min each. The cell walls were harvested by centrifugation and washed 10 times with buffer. Cell walls were further extracted by boiling in 0.5 ml sodium dodecyl sulfate buffer (50 mM Tris-HCl, pH 8.0, 0.1 M EDTA, 2% sodium dodecyl sulfate, 10 mM dithiothreitol) for 10 min. The cell walls were then washed 10 times with 0.5 ml ice-cold 0.1 M sodium acetate, pH 5.5, with 1 mM phenylmethylsulfonyl fluoride, and then five times with 0.5 ml ice-cold water (38, 51, 55) .
Component fractionation and carbohydrate composition analysis. Cell wall components were fractionated by a series of chemical and enzymatic digestions, as previously described (19) . Isolated cell walls (5 mg, dry cell weight) were alkali extracted for 60 min with 500 l 0.7 M NaOH at 75°C. The alkali-soluble supernatant was collected by centrifugation, and alkali extraction was repeated on the pellet two more times. The alkali-soluble supernatants were neutralized with 250 l glacial acetic acid. The alkali-insoluble fraction was neutralized with an initial 500 l 0.1 M Tris-HCl (pH 7.5) wash, followed by a 500-l 10 mM Tris-HCl (pH 7.5) wash and was then resuspended in 1 ml 10 mM Tris-HCl (pH 7.5) with 0.01% sodium azide. The alkali-insoluble pellet was then digested with glucanase (100 units zymolyase 20T; Arthrobacter luteus) at 37°C with gentle shaking for 16 h. The zymolyase-insoluble fraction was collected by centrifugation. The soluble supernatant was further treated with 1 unit chitinase (Streptomyces griseus; 713 units/g; Sigma) and incubated for 16 h at ambient temperature. One-half of the glucanase-soluble fraction (both ␤-1,3 and ␤-1,6 glucans) was dialyzed (Slide-A-Lyzer dialysis cassette; 7,000 molecular weight cutoff; Pierce) three times against 200 ml water to yield a ␤-1,6 glucan fraction. The ␤-1,3 glucan was calculated as the difference between total glucanase-soluble glucan and ␤-1,6 glucan.
Carbohydrate concentrations of each fraction were measured as hexoses by the phenol-sulfuric method as previously described (18, 22, 40) . Briefly, 2.5 l phenol (80%) and 250 l concentrated sulfuric acid were added to 100 l of each cell wall fraction. Following incubation at 30°C for 30 min, color was detected by an automated plate reader at 490 nm. Carbohydrate concentration was determined using glucose controls (37.5, 75, 150, and 300 g/ml). Two biologic and three assay replicates were performed for each cell population. The statistical significance of any differences observed among biofilm and the two planktonic growth environments was determined using analysis of variance.
Secreted ␤-1,3 glucan measurement from biofilm and planktonic cell growth in vitro and in vivo. Supernatants from C. albicans in vitro biofilm and planktonic cells were collected, and ␤-1,3 glucan concentrations were compared using a limulus lysate assay (1, 39) . Cultures were grown on silicone disks or in suspension as described above. Viable count growth curves were conducted to assure the cultures contained a similar number of cells and were in a similar phase of growth. Culture supernatants were collected from both the planktonic and biofilm systems at 12 h for glucan measurement. The supernatants were centrifuged at 3,000 ϫ g for 10 min, and the supernatants were removed and stored at Ϫ20°C until glucan analysis. Glucan concentrations were determined using the Glucatell The catheter biofilm and disseminated candidiasis models were used as described above. After 12 h of growth in these models, serum was collected from the tail vein in both models and from the venous catheter in the biofilm model. Rat kidneys were then removed and processed for viable counts as an estimate of total body Candida burden. ␤-1,3 Glucan was measured in serum using the Fungitell (1,3)-␤-D-glucan detection reagent kit (Associates of Cape Cod) per the manufacturer's directions (43) . The statistical significance of observed differences between measurements from biofilm and planktonic or biofilm and disseminated conditions was determined using Student's t test.
Ability of cell walls and culture supernatant to bind fluconazole. In vitro C. albicans biofilm and planktonic (stationary-phase) cells were grown, and cell walls were isolated as described above. Cell walls (3 mg, dry cell weight) from each condition were incubated with 100 g/ml fluconazole (1-ml volume) for 1 h at ambient temperature. We then separated bound from unbound fluconazole using size exclusion dialysis cassettes (7,000 molecular weight cutoff) for 2 h against 300 ml saline. We measured the fluconazole remaining in the dialysis cassette with a previously described bioassay using Candida kefyr as the test organism (53). The lower limit of detection of the assay was 0.12 g/ml. The interday assay variation was less than 5%. Zones of inhibition were measured and compared to fluconazole standards.
Supernatants were collected from in vitro biofilm and planktonic cultures in stationary phase as described above. Dry cell weights of cultures were measured to ensure that the cultures contained similar numbers of cells. Samples (6 ml) were concentrated to 1 ml. The concentrated supernatants were then incubated with fluconazole, and the fluconazole bound to supernatant components was separated and measured by bioassay as described above.
Biofilm matrix material was harvested from in vitro biofilms as previously described (2, 36) . Briefly, biofilm cells from the silicone disk assay were placed in 10 ml sterile water and sonicated for 10 min. The cells were then removed from the supernatant containing the matrix by two centrifugations at 4,500 ϫ g for 20 min. A planktonic culture in stationary phase was similarly processed to serve as a control. The matrix was then incubated with fluconazole, and the bound compound was isolated and measured as described above. The statistical significance of any observed differences between samples was examined using Student's t test.
Impact of antifungal and cell wall-modifying enzyme exposures on in vitro and in vivo biofilm viability. In vitro biofilms using the 96-well polystyrene substrate were used as described above (49) . Mature (24-h) biofilms were used for all experiments. The cell wall-modifying enzymes included three ␤-glucanase preparations, zymolyase 20T from A. luteus, lysing enzyme from Rhizoctonia solani, and lysing enzyme from Trichoderma harzianum. Eight twofold compound dilutions were examined. The highest concentrations of each enzyme were as follows: zymolyase 20T, 5 units/ml; Rhizoctonia lysing enzyme, 5 units/ml; Trichoderma lysing enzyme, 20 units/ml. Because the enzyme preparations contain small amounts of other enzyme activities, we examined the impact of these components, mannanase and protease, alone on biofilm cell viability. The concentration range for each enzyme (mannanase, 0 to 50 units/ml; proteinase K, 0 to 2.5 units/ml) included the concentrations above and below that measured in the zymolyase preparation. The effect of each of these enzymes was examined at 48 h after incubation at 37°C with RPMI-MOPS, buffered at pH 7. Zymolyase, heat inactivated by 100°C for 10 min, served as a control.
The impacts of the antifungals drugs, fluconazole and amphotericin B, on biofilm growth were similarly examined over concentration ranges of 0.0625 to 1,000 g/ml and 0.00975 to 0.156 g/ml, respectively. Each of the antifungals was examined alone and in combination with zymolyase in a 96-well checkerboard format. For each drug exposure, mature biofilms were incubated in the presence of drug and zymolyase at 37°C for 48 h. Following exposure, the drug and enzyme were removed and wells were washed with PBS three times. Biofilm cell viability was then assessed using the XTT assay described above. We determined the drug concentration associated with both a 50% effective dose (ED 50 ) and ED 80 reduction in optical density compared to the no-drug control wells. Four replicates were performed for each drug and each drug combination. The impact of the compounds in combination was assessed using the fractional inhibitory concentration (FIC) index {FIC index ϭ [(ED 50 (5, 52) . For a planktonic control, cells were grown in RPMI-MOPS at 37°C to log phase. The cells were exposed to the same enzymes and concentrations. Following a 24-h exposure, cells were collected for microbiologic enumeration by plating serial dilutions on Saboraud's dextrose agar plates.
A mature biofilm from the catheter model was used for in vivo studies. The impacts of intraluminal zymolyase and fluconazole exposures alone and in combination were examined. A single fluconazole concentration was used and was chosen based on the highest concentration used in the in vitro studies (1,000 g/ml). Two zymolyase concentrations (2.5 units/ml and 1.25 units/ml) were chosen in order to include the lowest effective concentration from the in vitro study and a twofold-lower concentration that was ineffective in this study. Both zymolyase concentrations and fluconazole were examined separately and in combination. Following a 24-h exposure, the catheters were removed and processed for SEM to discern the extent of remaining biofilm on the catheter surface. Impact of biofilm-secreted material and exogenous ␤-1,3 glucan on fluconazole activity against planktonic cells. A modification of the CLSI M27 A microbroth susceptibility method was used to examine the activity of fluconazole against planktonic Candida in the presence of biofilm matrix material or commercial ␤-1,3 glucan (laminarin) (16) . C. albicans strain K1 was used for these experiments. The fluconazole concentrations included in these studies ranged from 0.125 g/ml to 128 g/ml. The in vitro silicone disk assay was used to collect biofilm material. Biofilm matrix was collected from mature biofilms as described above. The matrix material was concentrated from 10 ml to 1 ml by vacuum centrifugation. Microscopy was used to ensure the biofilm materials were cell free. The biofilm-secreted materials were added to the 96-well plates in addition to drug, medium, and C. albicans K1 inoculum. In addition to the standard CLSI turbidity endpoint, quantitative cultures of each well were undertaken. These experiments were undertaken on two occasions, and the assays were performed in duplicate. Results were compared to standard fluconazole susceptibility testing performed at the same time.
A similar susceptibility experiment was performed using exogenous ␤-1,3 glucan (laminarin; Sigma). A concentration of 0.25 mg/ml of laminarin was used. The concentration of laminarin was chosen based on the carbohydrate concentrations from matrix examination experiments described above. Similar endpoints and comparisons were performed as described above. The significance of differences among the experiments was assessed using analysis of variance.
RESULTS
Cell wall ultrastructure of in vivo biofilm and planktonic C. albicans. TEM was used to screen for ultrastructural differences between the cell wall of biofilm and planktonic cells. Yeast cells from both conditions were of similar diameter. Imaging of the cell walls from the two conditions, however, demonstrated quantitative and qualitative differences. The cell walls of the in vivo biofilm cells were up to two times thicker than planktonic cells (Fig. 1) . Cell walls from both groups were layered in appearance, with an outer electron-dense component and an inner electron-lucent layer. However, there were apparent ultrastructural differences between the two cell types. The electron-dense material was more prominent and fibrillar in appearance in the biofilm cells. The more electron-lucent component was scattered, with electron-dense granules. In addition, the periplasmic layer was more prominent in the biofilm cells. These images suggest that biofilm growth induces dramatic changes in the cell wall architecture of C. albicans.
Cell wall carbohydrate composition of in vitro biofilm compared to planktonic C. albicans cells. To investigate cell wall content associated with the microscopy findings, biofilm cells walls were fractionated by chemical and enzymatic methods. In vitro biofilm cells, grown on medical-grade silicone in RPMI-MOPS, were compared to planktonic cells in stationary and log phases. The cell walls from biofilm cells were found to contain significantly more total carbohydrate and ␤-1,3 glucan compared to stationary-or log-phase planktonic cells (P Ͻ 0.001) (Fig. 2) . These data suggest that the cell wall imaging changes using TEM may, in part, be explained by quantitative differences in cell wall glucan.
Comparison of extracellular ␤-1,3 glucan from biofilm and planktonic C. albicans. Given the greater concentration ␤-1,3
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glucan observed in the cell wall of biofilm cells, we reasoned that the unidentified matrix carbohydrate could be a ␤-glucan molecule. To test this hypothesis, we compared supernatants of C. albicans in vitro biofilm cultures and planktonic cultures. Viable count growth curves were conducted to ensure that the cultures contained a similar number of cells and were in a similar phase of growth. At 12 h, both the planktonic culture and the biofilm culture (combination of biofilm and free-floating cells) contained 10 5 CFU/ml. Using a limulus lysate-based assay, ␤-1,3 glucan was detected in the supernatants of both biofilm and planktonic cultures. However, biofilm culture supernatants were found to contain significantly higher concentrations of ␤-1,3 glucan than planktonic culture supernatants (P Ͻ 0.001) (Fig. 3) . The supernatants from the biofilm system contained at least twofold more ␤-1,3 glucan. We used a matrix isolation protocol and assayed ␤-1,3 glucan content as described above. A planktonic cell culture was similarly processed to serve as a control group. As shown in 
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␤-1,3 GLUCANS IN C. ALBICANS BIOFILM RESISTANCE 513 Fig. 3 , ␤-1,3 glucan was also detected in the isolated matrix material. Our next experiment was intended to determine if the enhanced release of ␤-1,3 glucan from biofilm cells observed in vitro occurs in vivo. We measured ␤-1,3 glucan similarly using the limulus lysate assay in serum from animals with an in vivo biofilm catheter infection or disseminated candidiasis. We used viable kidney counts as an estimate of total body Candida burden, since it is widely accepted as the most significantly impacted end organ in disseminated models (7, 42) . Furthermore, our previous examination of the kidney in the current biofilm model demonstrated marked dissemination to this organ (6) . Over the time course of growth examined in both models, the burden of viable organisms was significantly higher in the disseminated candidiasis model. At 12 h, the kidneys of animals with a disseminated infection contained 10 4 CFU/ kidney, while those with a catheter infection only contained 10 2 CFU/kidney. Despite the in vivo presence of fewer cells in the biofilm model, the sera from the biofilm catheter infections contained nearly 10-fold more ␤-1,3 glucan than serum from rats with disseminated candidiasis at the 12-h time point (P Ͻ 0.001). Not only did serum obtained from catheter infection animals have more ␤-glucan (259 pg/ml), but serum obtained from the tail vein in rats with biofilm infections also had a higher concentration of glucan (248 pg/ml). These results corroborate findings from the in vitro biofilm model.
Biofilm component antifungal drug binding assay. Previous studies in a bacterial biofilm model demonstrated sequestration of antimicrobial compounds by a cell wall component, specifically, the ␤-1,3 glucan component of biofilm cells (33, 34) . The objective of our next line of experimentation was to determine if a similar interaction may occur in C. albicans biofilms. We exploited the relatively large molecular weight of the cell wall components and the secreted ␤-1,3 glucans relative to the antifungal fluconazole in a size exclusion experimental design. The cell wall from both biofilm and planktonic cells bound a measurable concentration of fluconazole (Fig. 4) . However, the biofilm cell walls bound four-to fivefold more compound per cell wall weight (P Ͻ 0.001). Similar examination of culture supernatants from both growth conditions identified binding with only the biofilm culture. The cell burdens from both cultures were similar based on dry cell weight (biofilm, 21.1 mg; planktonic, 24.7 mg). Finally, we utilized a biofilm matrix isolated by the method described above in the binding assay. Fluconazole binding was observed at a concentration near that found from biofilm culture supernatant.
Effect of glucanase on Candida biofilms in vitro. We next examined the impact of enzymatic modification of the cell wall component changes observed in biofilm cells on their viability in mature C. albicans biofilms. To test this, we first compared in vitro biofilm cell viability to planktonic cell viability in the presence of various concentrations of zymolyase, a ␤-1,3 glucanase. The highest concentration of ␤-1,3 glucanase used in these studies, 5 units/ml, was chosen to be more than fivefold FIG. 3 . Extracellular ␤-1,3 glucan concentrations from C. albicans biofilm and planktonic C. albicans in vitro and in vivo. The silicone disk assay was used for in vitro biofilm formation and for matrix isolation. The extracellular sample from the in vitro model represents cell-free culture supernatant. The rat central venous catheter model was used for in vivo biofilm formation. Biofilm formation was confirmed with microscopy. A disseminated candidiasis model was used as a control. All samples were collected after 12 h of biofilm formation. Viable cell counts were determined by plate counts and were similar for the biofilm and planktonic cultures at the time of sample collection. Each bar represents the mean and standard deviation from two biologic and three technical replicates. The black bars represent data from biofilm cultures, and the gray bars represent data from planktonic cultures. ␤-1,3 Glucan content was measured using the limulus lysate assay. Data are expressed as picograms of ␤-1,3 glucan per milliliter of sample. Both biofilm systems contained significantly more ␤-1,3 glucan compared to planktonic conditions (P Ͻ 0.001).
FIG. 4.
Fluconazole binding to biofilm and planktonic cell wall, culture supernatant, and biofilm matrix. The silicone disk assay was used for biofilm formation and for matrix isolation. Planktonic cells were collected in the log phase of growth. All samples were collected after 24 h of biofilm formation. For the cell wall study, 3 mg of dry cell wall weight from each condition was used. Viable cell counts were determined by plate counts and were similar for the biofilm and planktonic cultures at the time of supernatant collection. Following incubation of the culture component with fluconazole, unbound drug was separated using size exclusion dialysis. Fluconazole concentration was measured using a microbiologic assay. Each data value represents the mean and standard deviation from two biologic and three assay replicates. The black vertical bars represent data from the biofilm culture, and the gray bar represents data from the planktonic culture. Biofilm cell walls, supernatant, and matrix were associated with increased fluconazole binding compared to respective planktonic controls (P Ͻ 0.001).
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FIG. 5. Impact of glucanase on biofilm cell viability, determined using three ␤-glucanase preparations and two additional components (proteinase K and mannanase) of the predominant ␤-glucanase preparation (zymolyase). The 96-well polystyrene in vitro biofilm model was used. Cell viability was assessed using the XTT reduction assay. Viability is expressed as the optical density (OD) at 490 nm. The assays were performed in triplicate, and results are expressed as the mean and standard deviation. All drug exposures were of 48-h duration. lower than that used in cell lysis protocols (4). We observed a concentration-dependent reduction in biofilm cell viability over the 512-fold range of concentrations (Fig. 5) . The same drug exposure did not impact planktonic cell viability even at the highest concentration examined. Heat-inactivated zymolyase had no effect on biofilm growth (data not shown).
In an attempt to discern if the activity of zymolyase was due to the ␤-1,3 glucanase component, we examined the activity of two additional ␤-glucanase preparations from distinct microbial sources. ␤-Glucanases from Rhizoctonia and Trichoderma species also inhibited biofilm growth at concentrations similar to zymolyase, suggesting that the biofilm inhibitory effects are likely due to ␤-1,3 glucanase activity. To ensure that the glucanase component was responsible for the difference seen, we examined the activity of the other available components of the zymolyase preparation, mannanase and protease. Mannanase and proteinase K did not impact biofilm or planktonic cell viability, even at concentrations exceeding those present in the glucanase preparations (Fig. 5) .
We next considered the possibility that ␤-glucan modification may impact the effect of traditional antifungals on biofilm cells. We chose to examine fluconazole and amphotericin B, as numerous prior investigations and the current study have demonstrated drug resistance in C. albicans biofilm cells. We exposed mature C. albicans biofilms to various concentrations of zymolyase and antifungal alone and in combination. Similar to previous reports, fluconazole exposures at concentrations as high as 1,000 g/ml had no impact on biofilm cell viability. (The planktonic MICs for C. albicans K1 are 0.5 g/ml and 0.25 g/ml for fluconazole and amphotericin B, respectively [2, 6, 7, 9, 11, 15, 25, 30, 31, 47] .) Amphotericin B did reduce viable cell burden, however, only at concentrations considerably higher than those associated with the killing of planktonic cells. Over the fluconazole (0.0625 to 1,000 g/ml) and ␤-1,3 glucanase (0.0195 to 5 units/ml) concentrations studied, the FIC indices suggested a synergistic interaction. The FIC indices for fluconazole and ␤-1,3 glucanase associated with a 50% (ED 50 ) and 80% (ED 80 ) reduction in optical density were 0.31 Ϯ 0.06 and 0.10 Ϯ 0.04, respectively. Similarly, the FIC indices for the amphotericin B and ␤-1,3 glucanase combination were also low, 0.20 Ϯ 0.12 and 0.21 Ϯ 0.09, respectively. The potentiation of fluconazole and amphotericin B activity was notably observed at glucanase concentrations which had no impact on biofilm cell viability.
We used the rat catheter model to determine if these in vitro findings were meaningful in vivo. Initial studies examined the impact of two concentrations of ␤-1,3 glucanase alone. The highest concentration, 2.5 units/ml, was chosen based on efficacy in the in vitro studies. The second concentration was twofold lower, 1.25 units/ml. ␤-1,3 Glucanase at 2.5 units/ml essentially eliminated the biofilm process. The lower concentration, 1.25 units/ml, produced little if any discernible impact on the biofilm extent or architecture (Fig. 6) . The high fluconazole concentration, 1,000 g/ml (1,000 times the planktonic MIC) had no discernible impact on the extent of biofilm formation, similar to our previous findings in this model (6) . However, when this fluconazole concentration was exposed to the mature in vivo biofilm in the presence of the lower concentration of ␤-1,3 glucanase, the biofilm was eliminated (Fig.   6 ). These results are congruent with findings from the in vitro C. albicans model. Impact of biofilm matrix and exogenous ␤-1,3 glucan on fluconazole activity against planktonic cells. The final experiments were designed to determine if the biofilm-secreted material (matrix) could impact the activity of fluconazole against Candida growing in planktonic culture. Furthermore, since we observed markedly higher concentrations of extracellular ␤-1,3 glucan from biofilm cells, we also examined the impact of adding exogenous commercial ␤-1,3 glucan (laminarin) on fluconazole activity against planktonic cells. The planktonic CLSI MIC for fluconazole was 0.5 g/ml. The MIC in the presence of biofilm material and laminarin was Ͼ128 g/ml. Results of quantitative cultures are shown in Fig. 7 . Quantitative cultures of the planktonic wells in the presence of fluconazole revealed growth in wells with visible turbidity as well as low levels of growth in the next three wells without visible turbidity (likely due to the previously described trailing growth associated with in vitro triazole exposures). However, all of the wells with either laminarin or the biofilm-secreted material demonstrated high levels of growth (P Ͻ 0.001). These quantitative culture results were congruent with the turbidity endpoint data.
DISCUSSION
C. albicans is a major human pathogen which can grow as a biofilm and inhabit the surface of many medical devices (28, 44) . Cells in a biofilm have altered phenotypes and are extraordinarily resistant to many antifungals, making eradication of this process difficult. C. albicans biofilm resistance is not entirely understood and likely involves a multifactorial mechanism. It has been suggested that resistance may be related to contributions from the extracellular matrix (preventing active drug diffusion), the physiological state of the cell (slow growth), activation of drug efflux pumps in the cell membrane, sterol perturbations, or differential gene expression patterns by biofilm cells (10, 37, 47) .
A number of molecular mechanisms have been implicated in nonbiofilm antifungal resistance in C. albicans (54) . For example, investigators have characterized several efflux pumps that are transcriptionally upregulated in cells resistant to triazole compounds. The relevance of these mechanisms for C. albicans biofilm cells has also been examined. Recent studies have demonstrated that genes for two types of efflux pump (CDR and MDR) are upregulated during biofilm formation (6, 37, 47) . However, strains carrying single or double mutations of these efflux genes retained a resistant phenotype during biofilm growth, demonstrating that additional yet-unidentified resistance mechanisms are in play. In addition, both transcriptional upregulation and point mutations in the triazole target 14-␣ demethylase (ERG11) have been shown to play a role in triazole resistance in nonbiofilm cells. Investigations to determine the role of these mechanisms in biofilm cells have not found the ERG11 gene to be differentially expressed in biofilm cells. However, sterol changes have been associated with mature (late) biofilm growth and have been hypothesized to contribute to biofilm drug resistance (37) . More in depth examination of the sterol synthesis pathway in relation to biofilm resistance has not been undertaken.
Several approaches have been used to examine the impact of the relatively slower growth rate in Candida biofilms (9, 11) . Transition from exponential to slow growth is generally accompanied by an increase in antimicrobial resistance. Slow growth of microorganisms has been observed in mature biofilms, presumably due to some form of nutrient limitation, and has been suggested to account for biofilm resistance. By closely monitoring the growth phase of planktonic and biofilm C. albicans cells using nutrient limitation, studies have been able to examine the contribution of growth rate to biofilm cell survival against antifungals. In these studies, cell resistance to the polyene antifungal amphotericin B was identical for each of the growth rates studied, suggesting that some determinant other than growth rate is responsible for biofilm resistance.
Finally, a number of studies have experimentally addressed the contribution of the extracellular matrix in modulating biofilm cell susceptibility (2, 10, 26, 36) . Results from these studies have been mixed, with initial lines of evidence suggesting a minimal role. However, more recent investigation utilizing a different experimental approach suggests the matrix may impact drug activity in Candida biofilms (2) . The first studies examined the ability of various antifungal compounds to penetrate the matrix. For the most part, each of the drugs was able to readily diffuse through the entire thickness of the biofilm. The second approach examined the relationship between the extent of matrix and drug resistance. The matrix extent was experimentally controlled by varying the flow characteristics across the substrate surface. The cells were similarly susceptible to the antifungal amphotericin B in these initial studies, despite visible differences in the amount of matrix material. However, in more recent studies, these investigators altered the flow characteristics and demonstrated a relationship between matrix extent and amphotericin B activity in an in vitro model. Furthermore, the investigators identified a strain of Candida tropicalis with extensive matrix production and marked associated antifungal drug resistance. Despite these important and thorough studies, each of these investigators agrees that additional mechanisms likely contribute to the extensive resistance phenotype associated with growth in the Candida biofilm milieu.
The results of the current set of experiments suggest that changes in a cell wall and secreted carbohydrate (including those within the matrix material) are associated with Candida biofilm growth and contribute to the biofilm resistance phenotype. The cell walls of fungi, plants, and bacteria provide a number of essential functions, including acting as a permeability barrier, providing cell shape, and interacting with host cells (14, 29, 35) . Approximately 80 to 90% of the cell wall of C. albicans is carbohydrate. The C. albicans cell wall is composed primarily of three components interconnected by covalent bonds: ␤-1,3 and ␤-1,6 glucans (50 to 60%), mannoproteins (30 to 40%), and chitin (0.6 to 9%). ␤-1,3 glucans are also thought to be the main component of the three-dimensional matrix surrounding biofilm cells. ␤-1,3 Glucans are synthesized by a plasma membrane-bound glucan synthase complex which uses UDP-glucose as a substrate and extrudes ␤-1,3 glucan through the periplasmic space. The ␤-1,3 glucan generated remains unorganized until it is covalently linked to other cell wall components. The cell wall is a dynamic structure constantly changing in response to environmental signals, and the data presented here suggest that biofilm growth signals cell wall changes. It is perhaps not surprising to find dramatic cell wall changes associated with the biofilm environment. These studies identified predominantly a change in the quantity of ␤-1,3 glucan. It is possible the change in cell wall content is transient and associated with transfer of this glucan molecule to the extracellular portion of the biofilm. The finding of marked ␤-1,3 glucan concentrations in the biofilm milieu and specifi- FIG. 7 . Impact of biofilm matrix and ␤-1,3 glucan (laminarin) on susceptibility of planktonic C. albicans K1 to fluconazole. Each vertical bar represents the log 10 CFU/ml following 48 h of incubation in the presence of twofold-escalating concentrations of fluconazole (range, 0.13 to 128 g/ml) using the CLSI M27A methodology. Each value represents the mean from experiments performed on two separate days.
518
cally as a component of the matrix supports this hypothesis. Prior study of Candida matrix composition has identified increased concentrations of glucose and an unidentified carbohydrate. We think it is likely that the unidentified molecule is a ␤-1,3 glucan, as recently hypothesized by those authors as well (2) . The hypothesis that cell wall and specifically glucan changes may be associated with drug resistance is not novel. In the 1970s, studies suggested that glucan changes associated with the stationary phase of growth in C. albicans were responsible for reduced susceptibility to the polyene amphotericin B (13, 23) . More recent study of glucan-associated proteins also suggests an association between glucan-associated protein content and fluconazole resistance in C. albicans planktonic cells (6) . Interestingly, results from a Pseudomonas biofilm model demonstrated a role for periplasmic ␤-glucans in modulation of biofilm-associated antibacterial resistance to several drug classes (33, 34) . The studies suggest that the glucan molecules limit penetration of an antimicrobial into the cell cytoplasm.
The current studies suggest that cell wall changes involving ␤-1,3 glucan in C. albicans biofilm cells may contribute to antifungal drug resistance in this important environment. First, the experiments identified a cell wall and matrix ␤-glucan change associated with biofilm growth of Candida albicans in vitro and in vivo. Biofilm cell walls contain significantly higher concentrations of ␤-1,3 glucan than their planktonic counterparts, and these glucans can be found in the supernatant surrounding the biofilm and in the matrix. Second, enzymatic manipulation of the glucans at high concentrations destroys biofilms but has virtually no effect on planktonic cells under the same enzymatic conditions. The impact of ␤-1,3 glucanase on biofilm growth is similar to that recently observed by Al-Fattani et al. using a different C. albicans strain and biofilm model (2) . The enzyme concentration used by this group was twofold greater than the highest concentration examined in the current investigation. At lower concentrations, modification of ␤-1,3 glucan did not affect biofilm cell viability. However, the addition of these lower glucanase concentrations markedly enhanced the activities of two antifungal drugs, fluconazole and amphotericin B, against biofilm cells. These results suggest that a cell wall component, such as glucan, may physically interact with the antifungal and inhibit penetration to the site of action. Another possibility is that the cell wall changes in biofilm cells structurally protect the cell from external insults, including antifungals. For example, the fungal cell wall has been shown to provide a critical defense against osmotic and oxidative attack. While the fluconazole binding assay results do not confirm a specific binding interaction, the data do support a physical interaction or sequestration of the antifungal.
The current lines of evidence provide a strong rationale for further genetic and biochemical investigation of the mechanistic role of ␤-glucan molecules in the drug-resistant phenotype of biofilm cells. Further understanding of this process is likely to identify potential targets for this important infection environment.
